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D ire c to r: Jon A. Rudbach
The k in e tic s  o f the immune response o f mice to  100 ug and 10 ug l ip o -
polysaccharide (IPS) and 1 mg whole c e lls  (w .c .)  o f Escherichia c o li 
0113 adm inistered per os (p .o .)  and per nares (p .n .)  was in ve s tig a te d .
Sera were tested by the passive hem agglutination assay fo r  humoral a n t i ­
bodies s p e c if ic  fo r  the IPS determ inant. Mice were found to  respond to  
the prim ary exposure to  the antigens w ith  the production o f humoral 
an tibo d ies . The p.o . rou te  d id  not s tim u la te  as high a le ve l o f c irc u ­
la t in g  antibody as d id  the p.m. rou te . However, both routes se n s itize d
the mice to  respond in  a secondary fash ion when challenged in travenous ly  
w ith  1 ug LPS. There was delay in  the in i t ia t io n  o f antibody synthesis 
fo r  both doses o f LPS adm inistered p .o . and p.n. as compared w ith  the 
paren tera l route o f the same dose.
The e f fe c t  o f repeated doses o f LPS o r whole c e l ls  on the immune re ­
sponse was s tud ied . Mice received repeated doses o f antigen fo r  10 to  
12 days. Five mice were bled 24 h a f te r  each o f the doses and the sera 
were tested fo r  an tibod ies by passive hem agglutination. The 1 ug doses 
o f LPS adm inistered p .o . and p .n . s tim u la ted  the production o f a lower 
le ve l o f c irc u la t in g  an tibod ies  than d id  in tra p e r ito n e a l in je c tio n s  
whereas mice which received repeated doses o f 100 ug LPS p.o. o r p .n . 
produced maximum t i t e r s  th a t were s im ila r  to  the maximum t i t e r s  obtained 
from mice which received the same doses in tra p e r ito n e a lly .  Repeated 
doses o f 10 ug o f whole c e lls  p .o . o r p .n. s tim u la ted  the production o f 
on ly minimal le ve ls  o f c ir c u la t in g  an tib o d ie s . Samples o f sera were 
trea te d  w ith  2-mercaptoethanol (2-ME) in  order to  determine whether o r not 
an antibody type o ther than IgM would be s tim u la ted  as a re s u lt  o f the 
repeated doses. I t  was found th a t 2-ME re s is ta n t an tibod ies  (IgG class 
a n tib o d ie s ) were s tim u la ted  by repeated doses o f LPS but not by repeated 
doses o f whole c e l ls .  The time o f appearance o f the IgG an tibod ies 
seemed to  be dose re la te d . When 100 ug LPS was given i . p .  and p .o . ,  IgG 
an tibod ies  appeared in  the sera s ta r t in g  on Day 10 and 11 re s p e c tiv e ly . 
However, 1 ug LPS given i . p .  o r 100 ug LPS given p.n. s tim u la ted  the 
production o f IgG an tibod ies  beginning on Day 6 and 7. I t  was noted th a t 
a c e r ta in  number o f the mice which received repeated doses o f 100 ug.LPS 
p.n . exh ib ite d  signs o f d iscom fort immediately a f te r  a d m in is tra tio n  o f 
the dose beginning on Day 4. In a d d it io n , there  was a poss ib le  c o rre la ­
t io n  between the death o f mice, loss o f w e igh t, and the presence o f 2-ME 
re s is ta n t an tibod ies  in  the sera o f mice which received repeated doses 
o f 100 ug LPS p.m.
The pers is tence and d is t r ib u t io n  o f LPS adm inistered p .o . o r p .n . was 
stud ied  w ith  ^^C r-labe led LPS. I t  was found th a t there  was no absorp­
t io n  o f LPS from the in te s t in a l t r a c t  and th a t the s ite  fo r  absorp tion  
o f LPS given p.o. and p .n . was probably themucuos membranes o f the upper 
re s p ira to ry  t ra c t . ,
i  i
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Chapter 1 
INTRODUCTION
C u rre n tly , the world is  experiencing a p ro te in  shortage during 
which some s c ie n t is ts  estim ate th a t as much as 64% o f  the popu la tion o f 
the world s u ffe rs  from a lack o f s u f f ic ie n t  p ro te in  in  i t s  d ie t  (58 ). 
P ro te in -c a lo r ie -m a ln u tr it io n  is  a c h a ra c te r is t ic  shared by most o f  the 
developing co u n tr ie s , where la rge  segments o f the popu la tion  l iv e  under 
con d ition s  in  which the a v a i la b i l i t y  and in ta ke  o f  food are d e f ic ie n t  in  
re la t io n s h ip  to  th e ir  needs (58, 65). The cu rre n t shortage o f food pro­
te in s  from t ra d it io n a l sources is  expected to  worsen as the popu la tion 
o f the world continues on i t s  upward trend fo r  the next few decades 
(1 , 55).
In  the search fo r  an a lte rn a te  source o f  p ro te in , in te re s t  has 
centered on the use o f s in g le  c e l l p ro te in  (SCP), p ro te in  from a lgae, 
fu n g i, ba c te ria  and yeas t, as a food supplement fo r  animals and people 
(30 ). The use o f ba c te ria  in  the production o f SCP is  appealing fo r  a 
number o f reasons. There are a number o f  b a c te r ia l species which can 
use a wide v a r ie ty  o f  substra tes as sources o f carbon, and the growth o f 
b a c te ria  is  independent o f c lim a te  and geographical lo c a tio n  (30 ). In  
a d d it io n , fo r  c e r ta in  b a c te r ia l species, p ro te in s  account fo r  as much as 
70% o f the dry w eight and g e n e ra lly  have an amino acid com position com­
p a t ib le  w ith  the needs o f mammals (30, 41, 55).
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Present evidence in d ica te s  th a t SCP produced from hydrocarbons 
probably w i l l  be produced from gram-negative b a c te ria  (30, 55). A poten­
t i a l  problem e x is ts  because gram-negative b a c te ria  con ta in  1ipopo lysac­
charide (LPS) endotoxin in  th e ir  c e l l w a lls  (32 ). Removal o f the endo­
to x in  from the SCP biomass w i l l  be d i f f i c u l t  and may prove to  be 
impossible w ith ou t the concomitant d e s tru c tio n  o f the n u t r i t iv e  value o f 
the p ro te in . This contam ination by LPS could present a p o te n tia l hea lth  
hazard (both to x ic  and a l le r g ic )  since those who would consume the SCP 
cou ld , a t the same tim e, in ge s t or inha le  the LPS.
LPS is  believed to  be a major component o f the c e ll w a lls  o f gram- 
negative b a c te ria  and, under c e r ta in  c u ltu ra l c o n d itio n s , has been found 
to  be released in to  the surrounding medium (32 ). LPS extracted  from 
d if fe re n t  b a c te r ia l species has some d is t in c t iv e  immunochemical d i f ­
ferences, however, the gross chemical composition o f a l l  LPS has been 
found to  be analogous (50 ). Physical s tud ies have shown th a t the LPS 
molecule was a la rge  complex macro-molecule (m olecular weight o f 
500,000-1,000,000 dal tons) and was a quaternary complex co n s is tin g  o f 
d issoc ia b le  subun its , each w ith  a m olecular weight o f about 20,000 
da ltons (43, 48).
The b io lo g ic a l e ffe c ts  o f the LPS adm in istered by pa ren te ra l routes 
have been in ve s tig a te d  e x te n s ive ly  and catalogued (32 ). The b io lo g ic a l 
e ffe c ts  inc lude in d u c tio n  o f the Saranelli-Shwartzman re a c tio n , b iphasic  
fevers in  ra b b its , hermorrhagic necrosis o f tumors, leukopenia fo llow ed  
by le uko cy to s is , and no nsp ec ific  res is ta nce  to  in fe c t io n  o r to  damage 
by ir r a d ia t io n  (32 ).
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The to x ic  e ffe c ts  o f  LPS can be p o ten tia ted  in  a number o f  ways 
(32 ). In je c tio n s  o f lead ace ta te  (which was be lieved to  in te r fe re  w ith  
m etabolic processes during endotoxemia) (32, 54 ), o r actinom ycin D 
(which fun c tion s  to  in h ib i t  DNA-dependent RNA syn thes is) (8 , 32, 39) 
served to  p o te n tia te  the le th a l e ffe c ts  o f LPS. Agents which blockade 
the re tic u lo e n d o th e lia l system have a s im ila r  p o te n tia t in g  e f fe c t  on the 
to x ic  reactions induced by LPS (32 ). I t  has been shown th a t mice which 
were maintained a t an ambient temperature o f 37°C fo r  one day fo llo w in g  
an in je c t io n  o f LPS had a 40 0 -fo ld  g re a te r s u s c e p t ib i l i ty  to  LPS (16 ).
In a d d it io n , a d ie t  which favored the enrichment o f  gram-negative f lo r a  
in  the gu t rendered the animals more suscep tib le  to  the to x ic  e ffe c ts  
o f LPS (53).
The a b i l i t y  o f LPS, given p a re n te ra lly , to  e l i c i t  an immune re ­
sponse has been w e ll s tud ied and characte rized  (32, 49, 60). LPS has 
been c a lle d  a "super a n tig e n ", s ince low doses (1 ug o r le ss ) e l ic i te d
- 11 o
a prim ary antibody response and minute amounts (10“ to  10”  ug) 
sen s itize d  mice fo r  a secondary response (49 ). The magnitude o f the 
secondary response may be 10-50 fo ld  above the le ve l o f  the prim ary re ­
sponse (49 ). The prim ary an tibody engendered in  both cases was IgM 
(2 , 3, 33, 34, 40).
I t  was shown during s tud ies  o f the re a c tio n  o f LPS w ith  t is s u e  
homogenates and whole plasma th a t the LPS was not degraded in to  i t s  
c o n s titu e n t b u ild in g  blocks o f f a t t y  acids and sugars (38, 48). In 
these s tud ies the LPS appeared to  have been d issoc ia ted  to  a 15,000 
dal ton form. The re a c tio n  d id  not in vo lve  the breaking o f cova len t 
bonds since the subunits could be reassociated in to  the complete a c tiv e
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molecule (47, 48). Chedid e t a l . (13) showed th a t mice in je c te d  i . p .  
w ith  LPS excreted in  th e ir  u rin e  a non -tox ic  endotoxin which e xh ib ite d  
the same immunodiffusion pa tte rn  as the acid  hydrolysed LPS (14, 47) 
m olecular weight o f  13,600 da ltons (43) and LPS subun it d isassocia ted  
w ith  sodium deoxycholate (NaD), m olecular weight o f  15,000 (43 ). Fur­
thermore, no p u r if ie d  enzyme from any source has y e t been proved to  have 
digested LPS. I t  is  thought th a t the LPS re ta ine d  by an animal may be 
s im ila r  to  the LPS subun it (50) and th is  would be the minimum sized 
molecule which would be detected a f te r  rad io labe led  LPS was in troduced 
in to  an anim al.
In  order to  o b ta in  in fo rm a tion  on the d is t r ib u t io n  and pers is tance
o f endotoxins in  v iv o , s tud ies  have been ca rr ie d  ou t w ith  endotoxins
labeled w ith  rad io iso to pes . Braude e t a l .  (9) developed a simple tech -
51nique by which endotoxin could be labeled w ith  Cr. I t  was shown th a t
51 51e ith e r  hexavalent chromium in  the form o f Nag CrO^ o r t r iv a le n t  Cr
in  the form o f ^^CrCl^ would f i r m ly  and e f f ic ie n t ly  labe l endotoxin (9 ). 
51However, use o f CrClg requ ired  th a t precautions be taken to  prevent 
in a c t iv a tio n  o f the endotoxin by the low pH o f the ^^CrClg s o lu tio n  (9 ) .
Cl
There is  much support fo r  the use o f hexavalent Cr (chromate) in  
the study o f the d is t r ib u t io n  and pers is tance o f endotoxin . I t  has been 
shown th a t the hexavalent chromate was f ir m ly  attached to  the endotoxin 
molecule w ith ou t a lte r in g  i t s  b io lo g ic a l p ro p e rtie s  (9 ) . The bond be-
ct
tween the Cr and the LPS has been shown to  be s ta b le  and constant (9 ) . 
The d is t r ib u t io n  o f r a d io a c t iv i ty  o f  fre e  ^^Cr was e n t ir e ly  d i f fe r e n t  
from th a t o f  the labe led  endotoxin (10, 52). Free ^^Cr had a high a f ­
f i n i t y  fo r  red blood c e l ls  (RBC) and in je c t io n  o f fre e  chromium re su lte d
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in  an accumulation o f  ra d io a c t iv ity  on the RBC, in  the kidneys and in  the 
u r in e , w ith  on ly a small amount o f r a d io a c t iv ity  going to  the l i v e r  (10, 
52). However, when labeled endotoxin was in je c te d  r a d io a c t iv ity  was 
seen in  the plasma w ith  v i r t u a l l y  none on the RBC o r in  the u rin e  (12, 
52), and eve n tu a lly  the la rg e s t amount o f  r a d io a c t iv ity  was present in
Cl
the l i v e r  (10, 52). In a d d it io n , C r-labe led endotoxin was cleared 
more ra p id ly  from the c ir c u la t io n  o f to le ra n t  animals than normal a n i­
mals, w h ile  there  was no d iffe re n c e  in  the clearance o f fre e  chromium 
(22). Patterns o f d is t r ib u t io n  obtained w ith  ^^C r-labe led LPS have been
s im ila r  w ith  those obtained w ith  ^^C (50 ). There fore , i t  is  be lieved
51th a t use o f  the Cr labe l adequately re f le c ts  the d is t r ib u t io n  and 
pers is tence o f LPS w ith in  the body.
Studies on the sho rt term d is t r ib u t io n  and pers is tence o f LPS ad­
m in is te red  p a re n te ra lly  have shown th a t the l i v e r  re ta ined  the m a jo r ity  
o f LPS fo r  several hours to  several days (32, 50). LPS in je c te d  in t r a ­
venously showed a s im ila r  pa tte rn  w ith  the next la rg e s t amount o f LPS 
found in  the spleen fo llow ed by the ev iscera ted carcass, lung and 
mesenteric lymph nodes. Long term s tud ies  on the pers is tance o f LPS 
adm inistered p a re n te ra lly  showed th a t 20% o f the LPS was re ta ined  by the 
animals fo r  a period o f 21 weeks (51 ).
Despite the wealth o f data on the b io lo g ic a l e ffe c ts  o f pa ren te ra l 
doses o f LPS, there  is  l i t t l e  in fo rm a tion  concerning the immunologic and 
to x ic  e ffe c ts  o f LPS adm in istered per os (p .o .)  o r per nares (p .n . ) .
Some s tud ies  have shown th a t immunization o f animals to  a v a r ie ty  o f 
antigens by these routes have re su lte d  in  both a systemic and lo ca l 
response (17, 18, 28, 46). S im ila r  re s u lts  have been shown fo r  b a c te r ia l
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polysaccharide an tigens, but the re  have been on ly  a few such s tud ies  in ­
vo lv in g  LPS (37, 42, 56, 57, 63). O c h litz  e t a l .  (37) showed th a t deoxy­
cho la te  ex tra c ts  o f E. c o l i  given o ra l ly  pro tected mice aga inst a paren­
te ra l challenge o f the homologous organism. P o rte r e t a l .  (42) showed 
th a t the o ra l immunization o f young pigs w ith  heat k i l le d  E. c o l i  018 
stim ula ted a lo ca l immune response. Springer and Horteon (57) found 
th a t human vo lunteers who inha led o r ingested k i l le d  whole c e lls  o f 
E. c o l i  086 developed a serum antibody response to  the LPS determ inant. 
Systemic antibody responses have been observed in  humans immunized 
in tra n a s a lly  w ith  a po lysaccharide vaccine from N e isseria  m e n in g it id is  
(63). In a d d itio n , Snell (56) demonstrated th a t ra b b its  given an aerosol 
o f LPS absorbed the LPS in  a f u l l y  a c tiv e  form through the e p ith e lia l 
membrane o f  the re s p ira to ry  t r a c t .
As i l lu s t r a te d  above, a c tu a lly  l i t t l e  was known about the immuno­
lo g ic a l s e n s it iz in g  e ffe c ts  o f  LPS adm inistered p .o . o r p .n . When th is  
was coupled w ith  the r e la t iv e  few s tud ies on the to x ic  e ffe c ts  o f LPS 
adm inistered p.n. o r p .o . ,  i t  can be seen th a t there  was a serious gap 
in  our knowledge and consequently, we were a t a disadvantage to  evaluate 
p rope rly  the p o te n tia l hazard o f exposure to  SCP contaminated w ith  LPS. 
An in v e s itg a tio n  in to  the immunologic and to x ic  e ffe c ts  o f  LPS adm inis­
tered p.o . o r p .n . was warranted before th is  p o te n tia l hazard could be 
evaluated and the SCP p repa ra tion  could be considered fo r  use in  humans 
o r domestic animals. Since i t  may prove poss ib le  to  d e to x ify  the LPS 
w ith o u t a lte r in g  the n u t r i t iv e  value o f the SCP p repara tion  too g re a t ly ,  
the immunological e f fe c ts  o f LPS adm in istered p .o . o r p .n . m ight be the 
most s ig n if ic a n t  hazard. As a r e s u lt ,  fo r  the f i r s t  step in  eva lua ting
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the p o te n tia l hazard in  LPS contaminated SCP, the immune response to  LPS 
adm inistered by these routes must be cha rac te rized .
Statement o f Thesis
The immunological e ffe c ts  o f LPS adm inistered p a re n te ra lly  have 
been w e ll s tud ied . However, as i l lu s t r a te d  above, there  have been on ly  
a few stud ies where LPS or whole c e lls  o f gram-negative ba c te ria  were 
adm inistered p .o . o r p .n . There fore , th is  study was undertaken in  order 
to  determine what immunological responses would be e l ic i te d  by LPS ad­
m in is te red  p .o . o r p .n . to  mice. There were two main areas o f focus in  
the study: 1) A c h a ra c te riz a tio n  o f the general immune response o f  mice
to  LPS o r whole c e lls  o r E. c o l i  0113 adm inistered p .o . o r p .n . and 
2) An in v e s tig a tio n  o f the pers istence and d is t r ib u t io n  o f LPS when 
adm inistered p .o . or p .n .
The k in e tic s  o f the serum antibody response o f the mouse were 
characterized w ith  various doses and regimens o f an tigen . The a b i l i t y  
o f LPS adm inistered in  these manners to  s e n s it iz e  fo r  a secondary re ­
sponse was evaluated. In  several cases the q u a lita t iv e  type o f  antibody 
engendered in  the response was determ ined. F in a lly ,  the pers is tence and 
d is t r ib u t io n  o f LPS adm in istered p .o . and p .n . was in ve s tig a te d .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 
METHODS AND MATERIALS
Animals
Random bred mice o f both sexes were obtained from the closed colony 
o f the Rocky Mountain Laboratory (RML), Ham ilton, Montana. They were 
maintained on water and Purina Lab chow ad l ib i tu m . Mice o f both sexes 
were used fo r  experiments when they were 3 to  7 weeks o ld .
Antigens
Whole c e l ls  o f E. c o l i  0113 {Braude s tra in )  were obtained from a 
c u ltu re  grown in  a m icroferm enter fo r  18 h in  M-9 medium (45) as de­
scribed in  Rubach e t a l .  (51 ). The c e l ls  were harvested in  a Sharpies 
continuous flo w  c e n tr ifu g e  and the packed c e lls  were resuspended in  ice  
co ld  phosphate bu ffe red  sa lin e  (PBS) (0.15 M NaCl: 0 .003^ PO^, pH 7.2) 
ce n trifu g e d  and washed tw ice  in  PBS. The c e l ls  were then resuspended in  
a minimal amount o f  ice  co ld d i s t i l le d  water and tw ice  the volume o f ice  
co ld  acetone and l e f t  o ve rn igh t in  the co ld  (4°C). The next day the 
suspension was f i l t e r e d  th ree  times onto Whatman No. 1 f i l t e r  paper w ith  
ice  co ld  acetone. The re s u lt in g  c e l l  mass was gram sta ined and checked 
fo r  re a c tio n  w ith  the homologous a n tis e ra . I t  was then weighed, resus­
pended in  a known volume o f PBS fo r  the stock suspension (20 mg/ml) and 
checked fo r  s t e r i l i t y .
8
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Whole c e l ls  o f E. c o l i  0113 were c u lt iv a te d  and harvested as de­
scribed above. The LPS was extracted  from washed whole c e lls  according 
to  the procedure described in  Rudbach e t a l .  (51 ). B r ie f ly ,  LPS was 
ex trac ted  by the hot phenol-water procedure. I t  was p re c ip ita te d  from 
the aqueous phase w ith  ethanol and sodium acetate and then ly o p h iliz e d .
A stock s o lu tio n  was made by d is s o lv in g  2 mg LPS per ml PBS and main­
ta ined  a t -20°C u n t i l  req u ired . D ilu t io n s  were made from the stock 
s o lu tio n  using PBS and maintained a t -20°C.
Route o f A dm in is tra tio n  o f Antigens
For per nares doses o f antigen mice were anesthetized l i g h t l y  w ith  
e th e r, held on th e ir  backs and 0.05 ml o f the antigen in  small drops, 
was placed on th e ir  noses. They were allowed to  in ha le  each drop before 
the next was given.
When antigen was to  be given per os , mice were anesthetized l ig h t ly  
w ith  e the r and 0.05 ml o f the anitgen was in troduced d ir e c t ly  in o t the 
stomach w ith  a ca th e te r tub ing  connected to  a 23 ga. needle and a tu b e r­
c u lin  syringe .
C o lle c tio n  o f Sera
Mice were bled to  death by a x i l la r y  e xc is io n . Whole blood was 
allowed to  c lo t  fo r  approxim ate ly 1 h a t 22-23°C and ove rn igh t a t 4°C. 
The serum was separated from the c lo t  by c e n tr ifu g a tio n  (1,000 x g fo r  
10 m in ), decanted in to  v ia ls ,  heated a t 56°C fo r  30 min and stored a t  
-20°C.
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Q u a lif ic a t io n  o f Humoral Antibod ies
A ntibodies s p e c if ic  fo r  the determ inant o f E. c o l i  0113 were mea­
sured by a passive hem agglutination te s t  w ith  LPS coated-sheep e ry th ro ­
cytes (SRBC) as the in d ic a to r  system. S ensitized  SRBC were prepared by 
combining 1.25 ml o f packed, washed SRBC (Colorado Serum Co., Denver,
CO) w ith  46 ml o f PBS (pH 7 .2 ) and 4 ml bo iled  LPS. Bo iled LPS was pre­
pared by d is s o lv in g  10 mg LPS in  10 ml o f 0.1 M PO  ̂ b u ffe r  (pH 7 .4 ) and 
then p lac ing  the s o lu tio n  in  a b o il in g  water bath fo r  2-2^ h. The 
m ixture  o f SRBC, PBS, and LPS was incubated a t 37°C fo r  30 min, washed 
three times in  PBS, and f in a l l y  resuspended in  a standard d ilu e n t so lu ­
t io n  (1% normal ra b b it  serum in  PBS) a t a concen tra tion  o f 0.5%. The 
sen s itize d  SRBS were used w ith in  24 h a f te r  p repara tion  as in d ic a to r  
c e lls  in  a passive hem agglutination te s t .  To each w e ll o f  a 12-well 
m ic ro t i te r  p la te  (L inb ro  Chemical Co., In c . ,  New Haven, CT) 0.05 ml o f 
d ilu e n t were added. Then 0.05 ml o f  the te s t  serum were added to  the 
f i r s t  w e ll and s e r ia l tw o -fo ld  d i lu t io n s  o f the serum were made out to  
the e leventh w e ll w ith  0.05 d i lu to rs  (Cooke Engineering Co., A lexandria , 
VA). D uplica te  te s ts  o f  each serum were performed. Next, 0.05 ml o f 
the se n s itize d  SRBC, suspended to  a f in a l  concen tra tion  o f 0.5%, were 
added to  each o f the f i r s t  11 w e lls . The la s t  w e ll o f the m ic ro t i te r  
p la te  served as a c o n tro l.  I t  contained 0.05 ml o f  a % d i lu t io n  o f 
serum and 0.05 ml o f  normal SRBC. The p la te  was then covered and placed 
in  a humid chamber. A g g lu tin a tio n  was recorded a f te r  incuba tion  o f the 
p la tes  fo r  2 h a t 22-23°C and ove rn igh t a t 4®C. T ite rs  were expressed 
as values o f  x derived from the equation , x = Logg (HD/2), where HD was
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the re c ip ro ca l o f the h ighest d i lu t io n  o f serum which produced hemagglu­
t in a t io n  o f the se n s itize d  SRBC. Thus, the t i t e r  was the tube number o f 
the end-po in t when the f i r s t  tube contained a h d i lu t io n  o f antiserum . 
Sera which gave no hem agglutination a t the lowest d i lu t io n  tested were 
a r b i t r a r i l y  assigned a t i t e r  o f 0.
Treatment o f Sera w ith  2-mercaptoethanol (2-ME)
Treatment o f the sera w ith  2-ME has been used su cce ss fu lly  to  d i f ­
fe re n t ia te  IgM and IgG a n tib o d ie s . Therefore , some sera were trea te d  
w ith  2_ME to  in a c t iv a te  hem agglutinating a c t iv i t y  o f IgM a n tib o d ie s . To 
the f i r s t  w e ll o f a m ic ro t i te r  p la te , 20 u l o f serum and 20 ul o f  a 
0.20 M 2-ME (Sigma Chemical Co., S t. Lou is, MO) were combined. This 
m ix ture  was covered and allowed to  incubate fo r  4 h a t 22-23°C in  a 
sealed humid chamber. A f te r  in cuba tio n , 0.05 ml o f  the standard d ilu e n t 
was added to  each w e ll and the sera were d ilu te d  as be fore . S ensitized  
SRBC were added and the remainder o f  the assay was performed as de­
scribed above. These expeiments were in te rp re te d  on the assumption 
th a t the res idua l ham agglutinating an tibod ies  present in  the sera 
trea te d  w ith  2-ME were a l l  in  the IgG immunoglobulin c la ss .
Attachment o f  Radiolabel ^^Cr to  LPS
51LPS extrac ted  from E. c o l i  0113 was labe led w ith  hexavalent Cr
by a m o d ific a tio n  o f the method described by Braude e t a l .  (9 ) .  F ifte e n
51mg o f  LPS were d isso lved  in  5 ml o f water con ta in ing  1 mCi o f Nag Cr 
(E. R. Squibbs and Sons, In c . ,  P rince ton , NJ) and was incubated fo r  48 h 
a t 37°C. Follow ing th is  in cu b a tio n , the s o lu tio n  was d ia lyzed  aga inst
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0.001 M NagPO  ̂ (pH 7 .2 ) a t 4°C. The d ia ly s a te  was changed a t le a s t 
once a day and a small sample o f the d ia ly s a te  was checked fo r  ra d io ­
a c t iv i té  each time i t  was changed. When the ra d io a c t iv ity  o f the d ia ly ­
sate was constant fo r  3 days in  succession, the contents o f the d ia ly s is  
tube were tra n s fe rre d  to  a small v ia l and stored a t -20°C. A small 
sample o f the stock s o lu tio n  was measured on Day 0 to  determine the 
s p e c if ic  a c t iv i t y .  D ilu t io n s  o f the stock s o lu tio n  were made w ith  PBS. 
R a d io a c tiv ity  o f organs and whole bodies o f mice were measured in
a w e ll- ty p e  s c in t i l la t io n  u n it  w ith  an e f f ic ie n c y  o f approxim ate ly 5%
51fo r  Cr. To measure the r a d io a c t iv ity ,  samples o f rad io labe led  LPS or
organs were placed in  a g lass tube which was inse rted  in to  the c ry s ta l
o f  the u n it .  In  o rder to  measure whole body ra d io a c t iv i ty ,  a p la s t ic
in s e r t  con ta in ing  the mouse was placed in  the u n it  d ir e c t ly  over the
c ry s ta l.  The mouse was pressed f l a t  aga inst the bottom o f the p a s tic
in s e r t  by a glass tum bler. Samples were counted long enough to  insure  a
confidence le ve l o f 95%. Counts were corrected  fo r  backgroung and
51decay. I t  is  known th a t Cr forms a s ta b le  bond w ith  the LPS molecule
(9) and i t  is  be lieved th a t LPS re ta in e d  in  an animal Is  s im ila r  in  s ize
to  the 20,000 m olecular weight subun it (50 ). Therefore , i t  was f e l t
th a t ra d io a c t iv ity  was a re l ia b le  measurement o f the presence o f LPS.
51For each experim ent, p r io r  to  the a d m in is tra tio n  o f the Cr-
labeled LPS, a small sample o f the ra d io a c tiv e  s o lu tio n  was counted to
determ ine the s p e c if ic  a c t iv i t y  on th a t day. The geometry o f counting
51fo r  organs was the same as fo r  the sample o f C r-labe led  LPS. There­
fo re  the counts per minute o f the organs could be converted d i r e c t ly  to  
nanograms w ith ou t any conversions. However, the geometry o f counting o f
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the whole body d if fe re d  from th a t o f the sample o f ^^C r-labe led  LPS, so 
the fo llo w in g  method was used to  c a lc u la te  the nonograms o f  LPS present 
in  the whole body. In  each experim ent, whole body ra d io a c t iv ity  was 
determined a t 0 tim e. The h ighest whole body ra d io a c t iv ity  a t  0 tim e o f 
mice which received the LPS p.o . was taken as equ iva len t to  the e n t ire  
amount o f LPS adm in istered. This value was used to  c a lc u la te  the amount 
o f LPS present in  those mice which had received the LPS p.o. and p .n .
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Chapter 3 
RESULTS
K in e tics  o f the Humoral Response to  a S ing le Dose o f Antigen
I t  was found in  p re lim in a ry  experiments th a t LPS given p .o . o r p .n . 
could produce a humoral antibody response in  mice. Thus, the f i r s t  
experiment was d ire c te d  toward determ ining the k in e t ic s  o f th a t response 
in  mice. This invo lved determ in ing the capac ity  o f  a s in g le  dose admin­
is te re d  p .o . o r p .n . to  e l i c i t  a prim ary response and to  s e n s it iz e  fo r  a 
secondary response. S ing le  doses o f LPS (10 ug or 100 ug) were given to  
mice p .o . o r p .n . to  see i f  there would be a d iffe re n c e  in  response to  
these two doses. In a d d it io n , an a d d itio n a l antigen prepara tion  o f 1 mg 
whole c e l ls  o f E. c o l i  0113 was given to  mice p .o . and p .n . A range o f 
doses o f LPS given in tra p e r ito n e a lly  served as c o n tro ls .
The k in e tic s  o f the prim ary humoral response o f mice given 10 ug 
and 100 ug LPS p.n. are seen in  F ig . 1. The prim ary response was shown 
to  be dose dependent, the 100 ug dose produced a h igher maximum t i t e r  
when compared to  the maximum t i t e r  in  the prim ary response o f the 10 ug 
dose. Both doses given p .n . produced maximum t i t e r s  th a t were s im ila r  
to  those obtained when the same doses were given i . p .  (F ig . 2 ). When 
both doses were adm in istered i . p . ,  the maximum peak t i t e r s  were main­
ta ined fo r  a longer time w ith  a gradual decrease in  le v e ls  o f c i r c u la t ­
ing an tibod ies  w ith  time as compared to  the prim ary response o f the p .n . 
rou te . The t i t e r s  fo r  each p o in t on the f ig u re s  were determined from
14
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Figure 1
K in e tic s  o f  the humoral an tibody response o f mice g iven LPS per na res . 
Each p o in t represents the t i t e r  o f sera pooled from 5 mice. Mice were 
given a prim ary dose o f LPS on Day 0 and challenged w ith  a secondary 
dose o f  1 ug o f LPS i . v .  on Day 21. Curve A, an tibody  response o f  mice 
g iven a 100 ug dose o f LPS p .n . as the prim ary dose; Curve B, an tibo dy  
response o f  mice given a 10 ug dose o f LPS p .n . as the prim ary dose; 
Curve C, an tibody response o f mice given a 1 ug dose o f  LPS i . v .  as the 
prim ary dose.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iMyii liuini
20  22 24  26  28
Reproduced with
ith permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2
K in e tic s  o f the humoral response o f mice g iven IPS in t r a p e r i to n e a lly .  
Each p o in t represents the t i t e r  o f  sera pooled from 5 m ice. Mice were 
given a prim ary dose o f  IPS on Day 0 and challenged w ith  a secondary 
dose o f 1 ug i . v .  on Day 21. Curve A, an tibody response o f  mice g iven 
a ICO ug dose o f IPS l . p .  as the prim ary dose; Curve B, an tibody re ­
sponse o f mice given a 10 ug dose o f IPS i . p .  as the prim ary dose; 
Curve C, an tibody response o f mice g iven a 1 ug dose o f  IPS i . p .  as 
the prim ary dose.
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separate pools o f mouse sera, i . e . ,  the same mice were not bled repea t­
e d ly . As w i l l  be shown in  a la te r  se c tio n , in d iv id u a l mice given IPS 
p.n . d id  not rec ieve or re ta in  a co n s is te n t amount o f IPS. This v a r ia ­
t io n  in  the dose o f IPS a c tu a lly  given to  the mice s tim u la te d , q u a n tita ­
t iv e ly ,  vary ing  antibody responses. Therefore , the v a r ia t io n  in  antibody 
t i t e r s  noted w ith  time in  F ig . 1 probably re su lte d  from in co n s is te n t 
a n tig e n ic  doses and not from any c y c lic  f lu c tu a t io n  o f responses.
I t  is  a lso  noted on F ig . 1 th a t mice given LPS p.n . were se n s itize d  
to  produce a secondary response which could be e l ic i te d  by a 1 ug dose. 
o f LPS in je c te d  i . v .  These responses were in te rp re te d  as secondary re ­
sponses because the maximum peak t i t e r s  were more than fo u r - fo ld  h igher 
than those e l ic i te d  in  normal co n tro l mice by 1 ug o f LPS iv .
F ig . 3 represents the k in e t ic s  o f the humoral response o f mice 
re ce iv in g  100 ug o r 10 ug o f LPS p .o . as the prim ary dose. U nlike the 
previous experim ent, no dose e f fe c t  was observed; the maximum t i t e r s  o f 
both doses (100 ug o r 10 ug LPS) were the same. However, there  was a 
no ticeab le  delay in  the in i t ia t io n  o f antibody synthesis fo r  the 10 ug 
dose. There was a s im ila r  de lay in  the in i t ia t io n  o f antibody synthesis 
seen in  the previous experiment when both doses were given p .n . As in  
the previous experim ent, mice which had received the dose p.o. were 
sen s itize d  fo r  a secondary response (F ig . 3 ).
The k in e tic s  o f the prim ary humoral antibody response o f mice to  
1 mg o f  whole c e l ls  o f E. c o l i  adm in istered p .o . and p .n . are presented 
in  Fig 4. The maximum t i t e r s  o f  the prim ary responses o f both routes 
were s im ila r .  Mice immunized w ith  1 mg whole c e lls  p.o or p .n . were
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Figure 3
K in e tic s  o f the humoral an tibody response o f mice g iven LPS per o s .
Each p o in t represents the t i t e r  o f sera pooled from 5 m ice. Mice were 
g iven a prim ary dose o f LPS on Day 0 and challenged w ith  a secondary 
dose o f  1 ug o f LPS i . v .  on Day 21. Curve A, an tibody response o f mice 
g iven a 100 ug dose o f LPS p .o . as the prim ary dose; Curve B, an tibody  
response o f mice given a 10 ug dose o f LPS p .o . as the prim ary dose; 
Curve C, an tibody response o f mice given a 1 ug dose o f  LPS i . v .  as the 
prim ary dose.
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Figure 4
K in e tics  o f the humoral antibody response o f  mice given whole c e l ls  o f  
E. c o l i  per os and per nares. Each p o in t represents the t i t e r  o f  sera 
pooled from 5 mice. Mice were given a prim ary dose o f  whole c e l ls  on 
Day 0 and challenged w ith  a secondary dose o f  ug o f  LPS i . v .  on day 21. 
Curve A, an tibody response o f mice given a 1 mg dose o f  whole c e l ls  
p .o . as the prim ary dose; Curve B, an tibody response o f  mice g iven a 
1 mg dose o f whole c e lls  p .n . as the prim ary dose; Curve C, an tibody 
response o f  mice given a 1 ug dose o f  LPS i . v .  as the prim ary  dose.
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im m unologica lly se n s itize d  in  th a t they could respond in  a secondary 
fash ion  when challenged w ith  1 ug LPS i . v .  (F ig . 4 ).
The Immune Response to  Repeated Doses o f LPS o r Whole C e lls  Given 
Per Os o r Per Nares
Exposure to  SCP contaminated w ith  LPS would not occur once but many 
times over a long period o f tim e. The purpose o f th is  experiment was to  
determine the e f fe c t  o f repeated doses o f LPS o r whole c e l ls  on the 
humoral response. Mice rece ived d a ily  doses o f LPS (1 ug or 100 ug) o r 
whole c e lls  (10 ug) p .o . o r p .n . fo r  10 to  12 days. Five mice from each 
group were bled 24 h a f te r  re ce iv in g  the la s t  dose fo r  each group and 
the sera were pooled. The sera were then tested fo r  the presence o f 
s p e c if ic  a n tib o d ie s .
A 1 ug dose o f LPS was chosen to  mimic a low le v e l exposure to  LPS. 
F ig . 5 shows the antibody responses o f mice which received d a ily  dosed 
P . O . ,  p.n . o r i . p .  LPS adm in istered p .o . and p .n . s tim u la ted  maximum 
t i t e r s  th a t were much lower than those obtained from mice given the same 
dose i . p .  The period before the presence o f c ir c u la t in g  an tibod ies  were 
detected was longer by two or th ree  days fo r  mice given LPS by both the 
p.o. and p .n . routes than fo r  mice given LPS by the i . p .  rou te .
A 100 ug dose o f  LPS was then tes ted  as an example o f a high le ve l
o f exposure. On F ig . 6 are represented the antibody responses o f mice
which rece ived d a ily  doses o f LPS p .o . ,  p .n . o r i . p .  The maximum t i t e r s
obtained in  the sera o f mice given LPS p .o . o r p .n . were s im ila r  to  
those obtained in  the sera o f mice g iven LPS i . p .  As in  the previous 
experiment, the period before c ir c u la t in g  an tibo d ies  were detected was
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Figure 5
K in e tic s  o f the humoral an tibody response o f  mice given repeated doses 
o f  1 ug LPS per os, per nares and in tra p e r ito n e a lly .  Each p o in t re p re ­
sents the t i t e r  o f sera pooled from 5 mice. Mice were bled 24 hours 
a f te r  re ce iv in g  the la s t  dose. Curve A, an tibody response o f  mice g iven 
1 ug doses o f LPS i . p . ;  Curve B, an tibody response o f  mice g iven 1 ug 
doses o f LPS p .o .;  Curve C, an tibody response o f mice given 1 ug doses 
o f LPS p .n .
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Figure 6
K in e tics  o f the humoral an tibody response o f mice g iven repeated doses 
o f 100 ug LPS per os, per nares and in tra p e r ito n e a lly .  Each p o in t re p re ­
sents the t i t e r  o f sera pooled from 5 m ice. Mice were bled 24 hours 
a f te r  re ce iv in g  the la s t  dose. Curve A, an tibody response o f mice g iven 
100 ug doses o f LPS i . p . ;  Curve B, an tibody response o f mice g iven 100 
ug doses o f LPS p .n . (the  geometric mean o f two experim en ts); Curve C, 
the an tibody response o f mice given 100 ug doses o f LPS p.o .
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longer fo r  mice re ce iv in g  LPS by both o f these routes than fo r  mice in ­
je c te d  w ith  LPS by the i . p .  rou te  (F ig . 6 ).
In  the f i r s t  o f two experiments in  which mice were given repeated 
doses o f 100 ug LPS p .n .,  11 out o f 75 mice d ied . Mice were found 
morbid 24 h a f te r  re ce iv in g  the la s t  p .n . dose on Days 3 , 4, 5, 6, 7, 
and 10. A ll mice were a l iv e  30 min to  1 h a f te r  re ce iv in g  each dose. 
Beginning on Day 4 , i t  was noticed th a t some (about 15) o f  the mice in  
th is  group appeared to  have an immediate adverse re a c tio n  to  the LPS.
For example, a f te r  a d m in is tra tio n  o f the 100 ug LPS p.n . and recovery 
from the e ffe c ts  o f  the anesthesia , these mice would s i t  hunched w ith  
the h a ir  on th e ir  back s l ig h t ly  b r is t le d  and pant fo r  breath . These 
mice seemed to  be in  d is tre s s  as they were o b liv io u s  to  the a c t iv i t y  o f  
the o the r mice. A fte r  5 to  8 m in, they would recover and move about the 
cage in  a normal manner. As the experiment progressed and more doses o f 
LPS were g iven p .n .,  i t  was noted th a t most o f the mice th a t seemed to 
react adverse ly to  the LPS and those th a t died were much sm alle r than 
the re s t.  I t  was u n lik e ly  th a t th is  d iffe re n c e  was due to  a d iffe re n c e  
in  the ages in  the m ice, s ince each group o f mice was made up i n i t i a l l y  
o f mice from the same age group and no obvious d iffe re n ce s  in  sizes were 
noted in  the beginning o f the experiment. I t  was more l i k e ly  th a t th is  
d iffe re n c e  in  s ize  was due to  the mice lo s in g  weight over the course o f 
the experiment and m ight have been re la te d  to  the dose o f LPS and the 
route o f a d m in is tra tio n . This p a rt o f  the experiment was repeated w ith  
another group o f mice. Even though on ly  2 ou t o f 50 mice died (on Day 5 
and 6 ), the same adverse rea c tion s  were observed in  each 10 mice w ith  the
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exception th a t these la t t e r  mice d id  not seem to  s u ffe r  any observable 
loss in  w eight.
The humoral antibody response o f mice which rece ived d a ily  doses o f 
10 ug o f whole c e lls  p .o . o r p .n . is  presented on F ig . 7. The previous 
dose (1 mg) was not used because the suspension (20 mg/ml) was f a i r l y  
viscous and i t  was thought th a t mechanical in te rfe re n c e  w ith  re s p ira tio n  
m ight re s u lt  from a d a ily  dose. Comparing the responses o f the two 
rou te s , i t  can be seen th a t there  was a longer period before the i n i t i a ­
t io n  o f the humoral antibody response in  mice which received the whole 
c e l ls  p .o . than fo r  those which received the same dose p .n . In a d d it io n , 
the maximum t i t e r  o f the an itbody response fo r  the p .n . rou te  was found 
to  be h igher than th a t o f  the p .o . rou te . No loss o f weight o r adverse 
re a c tio n  to  the d a ily  doses o f whole c e lls  given p .n . was observed in  
these mice.
Class o f Antibody Produced to  Repeated Doses o f LPS or Whole C e lls  
Given Per Os or Per Nares
I t  has been reported  th a t LPS engendered on ly  the production o f IgM 
an tibod ies in  the prim ary response (23, 34, 35) and s tim u la ted  p r im a r ily  
the production o f IgM in  the secondary response (40 ). However, more 
re ce n tly  i t  was reported  th a t IgG would be produced in  mice which had 
received a number o f doses o f  LPS p a re n te ra lly  (66 ). I t  was o f in te re s t  
to  determine whether o r not an IgG type o f an tibody would be s tim u la ted  
by respeated doses o f IPS o r whole c e l ls  adm in istered p .o . o r p .n . 
Treatment o f sera w ith  2-mercaptoethanol (2-ME) has been used to  d i f f e r ­
e n tia te  between IgM and IgG an tibo d ies  (24 ). There fore , samples o f sera
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Figure 7
K in e tic s  o f the humoral an tibody response o f mice g iven repeated doses 
o f 10 ug o f whole c e l ls  o f  E. c o l i  per os and per na res . Each p o in t 
represents the t i t e r  o f  sera pooled from 5 m ice. Mice were bled 24 
hours a f te r  re ce iv in g  the la s t  dose. Curve A, an tibody response o f  mice 
given 10 ug doses o f  whole c e l ls  p .n . ;  Curve B, an tibody response o f 
mice given 10 ug doses o f whole c e l ls  p .o .
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which had y ie ld e d  t i t e r s  o f  f iv e  o r g re a te r from the previous experiment 
were tre a te d  w ith  2-ME as described in  the previous sec tion  and they were 
then re te s te d  fo r  the presence o f s p e c if ic  antibody a c t iv i t y .  By com­
paring the t i t e r s  o f the sera before and a f te r  treatm ent w ith  2-ME, i t  
was poss ib le  to  determine the re la t iv e  c o n tr ib u tio n  o f IgG to  the a n t i ­
body con ten t.
I t  was found th a t sera from mice which had been given repeated 
doses o f 1 ug LPS i . p .  contained an appreciab le  amount o f IgG from Day 6 
on (Table 1 ), whereas those mice which had received repeated doses o f 
1 ug LPS p .n . showed no IgG a t any time (Table 2 ). Sera from mice which 
received repeated doses o f 100 ug LPS i . p .  o r p .o . showed the presence 
o f IgG beginning on Day 10 and 11 (Tables 3 and 4 ). In sera from the 
f i r s t  experiment in  which mice had received 100 ug LPS p .n . and during 
which 11 out o f  75 mice d ie d , the presence o f IgG was detected e a r l ie r ,  
s ta r t in g  on Day 7 (Table 5 ). However, in  sera from mice in  the second 
experiment in  which on ly  two mice died there  were no de tectab le  IgG a n t i ­
bodies. There fore , the re  may be an asso c ia tion  between the occurence o f
2-ME re s is ta n t an tibo d ies  in  the sera o f mice re ce iv in g  repeated doses
o f 100 ug LPS p .n . and the observed death o f mice in  the f i r s t  experiment.
There was o n ly  one sample o f sera from mice which had received re ­
peated doses o f 10 ug w .c .,  p .o . and p .n . th a t y ie ld e d  a t i t e r  o f  5 or 
g rea te r. When tre a te d  w ith  2-ME, th is  serum y ie ld e d  a t i t e r  o f zero.
Persistence and D is tr ib u t io n  o f  IPS Adm inistered Per Os and Per Nares
Inasmuch as the re  was noted a g re a t f lu c tu a t io n  in  the t i t e r s  in
the primary response o f mice given the antigens p .o . and p .n . ,  it*w as 
decided to  in v e s tig a te  the manner in  which the LPS was handled by the
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Table 1. S e n s it iv i ty  o f the Humoral Antibody to  2-ME o f Mice Given 
Repeated Doses o f 1 ug o f LPS In tra p e r ito n e a lly .
NUMBER OF DOSES OF LPS®
ANTIBODY TITER^
TOTAL^ 2-ME RESISTANT^
1 0 ND®
2 0 ND
3 0 ND
4 7 0
5 9 0
6 9 4.3
7 10 4.3
8 11 5.3
9 10 5.3
10 8 5.3
11 11 7.3
12 0 0
Mice were given d a ily  in je c tio n s  o f LPS or whole c e l ls  and bled 24 
h a f te r  re ce iv in g  the la s t  dose.
^T ite rs  are expressed as values o f x derived from the equation,
X = lo g .  (HD/2), where HD = the re c ip ro ca l o f the h ighest d i lu t io n  
o f serum which a g g lu tin a te d  the se n s itize d  SRBC. Sera which ,gave 
no hem agglutination a t the lowest d i lu t io n  tested were a r b i t r a r i ly  
assigned a t i t e r  o f  0.
Antibody t i t e r  o f  sera pooled from 5 mice per group, 
d i lu t io n  was 1 /4 .
I n i t i a l
Antibody t i t e r  o f  sera pooled from 5 mice per group a f te r  t r e a t ­
ment w ith  2-ME. Only those sera which had given a t i t e r  o f 5 or 
g rea te r were tre a te d  w ith  2-ME. I n i t i a l  d i lu t io n  was 1/10.
"NO = not done.
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Table 2. S e n s it iv i ty  o f  the Humoral Antibody to  2-ME o f Mice Given
Repeated Doses o f 1 ug LPS Per Nares.
NUMBER OF DOSES OF LPS*
ANTIBODY TITERb
TOTAL^ 2-ME RESISTANT^
1 0 ND®
2 0 ND
3 0 NO
4 0 ND
5 0 ND
6 3 0
7 6 0
8 3 0
9 6 0
10 5 0
11 5 0
12 3 0
See foo tno tes on Table 1
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Table 3. S e n s it iv i ty  o f the Humoral Antibody to  2-ME o f Mice Given
Doses o f 100 ug o f LPS In tra p e r ito n e a lly .
ANTIBODY TITER"
DOSES OF LPS* TOTAL* 2-ME RESISTANT^
1 0 ND®
2 0 ND
3 2 NO
4 5 0
5 5 0
6 5 4.3
7 5 0
8 6 0
9 6 0
10 11 4.3
11 6 4.3
12 8 4.3
See foo tno tes on Table 1
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Table 4. S e n s it iv i ty  o f the Humoral Antibody to  2-ME o f Mice Given
Repeated Doses o f  100 ug o f LPS Per Os.
NUMBER OF DOSES OF LPS'
TOTAL
ANTIBODY OF TITER' 
XT 2-ME RESISTANT'
1 0 ND®
2 0 ND
3 0 ND
4 0 ND
5 5 0
6 7 0
7 6 0
8 6 0
9 3 0
10 6 0
11 8 3.3
12 9 5.3
See foo tno tes on Table 1.
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Table 5. S e n s it iv i ty  o f  the Humoral Antibody to  2-ME o f Mice Given 
Repeated Doses o f 100 ug o f LPS Per Nares.
NUMBER OF DOSES OF LPS^
ANTIBODY TITER^
TOTAL^ 2-ME RESISTANT^
EXPERIMENT 1
1 0 ND̂
2 0 ND
3 0 ND
4 0 ND
5 8 0
6 9 0
7 6 4.3
8 7 4.3
9 9 5.3
10 7 4.3
EXPERIMENT 2
1 0 ND
2 0 ND
3 0 ND
4 0 ND
5 7 0
6 6 0
7 9 0
8 11 0
9 8 0
10 8 0
See foo tno tes on Table 1
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body when given by these rou tes . Hexavalent chromium was used to  labe l 
the LPS as i t  has been shown to  form a s tab le  bond w ith  the molecule (9 ). 
Persistence o f the LPS was stud ied by fo llo w in g  the whole body ra d io ­
a c t iv i t y  o f  the in d iv id u a l mice w ith  tim e. The d is t r ib u t io n  o f  LPS was 
stud ied  by determ in ing the r a d io a c t iv ity  o f  the various organs o f the 
mice. Nanograms o f LPS present were ca lcu la ted  from the r a d io a c t iv ity  
o f the whole bodies and organs as described in  the previous sec tion . In 
the fo llo w in g  experiment, not a l l  o f the ra d io a c tiv e  LPS, as ind ica ted  
by the whole body ra d io a c t iv ity ,  could be accounted fo r  in  the organs 
examined. In  some cases, the sum o f the ra d io a c t iv ity  o f the organs 
exceeded th a t  o f the whole body ra d io a c t iv ity .  This may be expla ined by 
the d iffe re n c e  in  the geometry o f  counting fo r  the organs and the whole 
bodies o f mice.
The i n i t i a l  experiment was desigend to  be ca rr ie d  out over a period 
o f days since i t  was known th a t LPS adm inistered p a re n te ra lly  was not 
metabolized by the body and th a t much o f the LPS was re ta ined  fo r  a 
f a i r l y  long time (51 ). Mice were given 100 ug ^^C r-labe led  LPS p .o . o r 
p .n . and whole body and organ counts were fo llow ed fo r  three days 
(Table 6 and 7 ). A t the end o f  Day 1, the m a jo r ity  o f  the LPS was found 
w ith in  the in te s t in e  ir re s p e c tiv e  o f the rou te  o f a d m in is tra tio n . A lso , 
some o f the LPS adm in istered p .o . was found to  be present in  the lung.
In a d d it io n , i t  was observed th a t mice which had received the LPS p.o. 
responded in  one o f two fash io n s . They e ith e r  c leared the LPS from the 
body w ith in  a day or they re ta in e d  a la rg e  p o r t io n .o f  the dose fo r  
several days. In c o n tra s t, those mice which had received the LPS p .n . 
maintained a f a i r l y  constant whole body count over the time s tud ied .
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Table 6. The Persistence and D is tr ib u t io n  o f 100 ug o f ^^C r-labe led  LPS 
Over a Period o f Three Days When Given to  Mice Per Os^
TIME
NANOGRAMS OF LPS REMAINING IN TISSUES AND ORGANS
WHOLE BODY LUNG LIVER SPLEEN INTESTINE
Day 1
MOUSE
1. 1,200 8.5 14 13 1,900
2. 1,400 11 16 7.9 600
3. 570 13 17 7.9 360
X 1,100 11 16 9.6 950
Day 2
MOUSE
4. N^ N N N N
5. 18 150 N N N
6. 15 N N N N
X 11 50 0 0 0
Day 3
MOUSE
7. N 14 15 12 20
8. N 15 9.1 9.1 24
9. 3,500 15 13 N 140
X 1,200 15 12 7 61
^Nanograms o f LPS were ca lcu la te d  from the r a d io a c t iv ity  o f the whole 
body o r organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s ,
^Not de tec tab le .
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Table 7. The Persistence and D is tr ib u t io n  o f 100 ug o f ^^C r-labe led  IPS 
Over a Period o f Three Days When Given to  Mice Per Nares^
TIME
NANOGRAMS OF IPS REMAINING IN TISSUES AND ORGANS
WHOLE BODY LUNG LIVER SPLEEN INTESTINE
Day 1
MOUSE
1. 76 N^ N 15 170
2. 47 8.5 N 10 360
3. N 210 7.3 8.5 130
X 41 73 2.4 11 170
Day 2
MOUSE
4. 60 85 N N 25
5. 190 8.5 N N 19
6. 140 N N N 25
X 130 31 0 0 23
Day 3
MOUSE
7. 340 18 24 15 22
8. 150 3 12 13 40
9. 100 4.8 19 12 24
% 200 8.6 18 13 29
^Nanograms o f IPS were ca lcu la te d  from the ra d io a c t iv ity  o f  the whole 
body o r organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s .
b.Not de tec tab le .
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This in d ica te d  th a t e ith e r  the IPS given p .n . was cleared less ra p id ly  
from the animal o r th a t i t  was absorbed in  a more co n s is te n t fash ion 
than when given p .o .
The f in d in g  th a t a la rge  p o rtio n  o f the dose given p .n . was con­
ta in ed  in  the stomach could be explained by a fa i lu r e  o f the mice to  
in ha le  the to ta l dose. Instead, they swallowed a major p o rtio n  o f the 
dose. However, i t  was not expected th a t LPS would be found in  the lung 
(and presumably in  the re s t o f the re s p ira to ry  t r a c t )  o f mice who had 
received the dose p .o . since rep o rts  from the l i te r a tu r e  ind ica ted  th a t 
the re  was no contam ination o f the re s p ira to ry  t r a c t  when a stomach tube 
was used to  adm in is te r the antigen (16 ). In order to  determine how LPS 
adm in istered p .o . m ight be deposited in  the lung , i t  was decided to  in ­
ve s tig a te  the d is t r ib u t io n  o f  LPS in  the body s h o r t ly  a f te r  a dm in is tra -
51t io n  o f  the dose p .o . o r p .n . Mice were given 100 ug o f C r-labe led 
LPS p .o . o r p .n . and whole body counts and the d is t r ib u t io n  o f the LPS 
was determined 30 min a f te r  the dose was given (Table 8 ). I t  was found 
th a t the e n t ire  dose given p .o . was d e live re d  in to  the stomach since 
there  were n e g lig ib le  amounts o f LPS in  the lung 30 min a f te r  adm inis­
t ra t io n  o f the dose. I t  would seem th a t when the LPS was given p .o .,  
the to ta l dose was d e live re d  in to  the stomach where i t  was e ith e r  passed 
onto the in te s t in e  and out o f  the body or coughed up and asp ira ted  in to  
the lungs. In c o n tra s t,  lower whole body counts o f mice which received 
LPS p.n . seemed to  in d ic a te  th a t they a c tu a lly  received on ly  a p o rtio n  
o f the dose. In  a d d it io n , when LPS was given p .n .,  the m a jo r ity  o f the 
dose received by the mouse was not inha led in to  the lungs, but was found 
in  the stomach and in te s t in e  (Table 8 ).
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Table 8. The D is tr ib u t io n  o f 100 ug ^^C r-labe led LPS 30m in  A fte r  i t  
was Administered Per Os or Per Nares^.
ROUTE
NANOGRAMS OF LPS REMAINING IN TISSUES AND ORGANS
WHOLE BODY LUNG LIVER SPLEEN STOMACH INTESTINE
P.O.
MOUSE
1. 94,000 9.7 25 2.4 16,000 68,000
2. 100,000 N^ 27 N 28,000 57,000
3.
P.N.
84,000 N N N 11,000 58,000
MOUSE
4. 42,000 1.8 N N 4,300 26,000
5. 51,000 4.2 N N 2,000 33,000
6. 36,000 N N N 2,000 27,000
Nanograms o f LPS were ca lcu la te d  from the r a d io a c t iv ity  o f  the whole 
body o r organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s .
^Not de tec tab le .
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Thus, these experiments showed the d is t r ib u t io n  o f the dose when 
given by e ith e r  rou te . The problem which remained was to  t r y  to  d e te r­
mine the s i te  and d u ra tio n  o f LPS pers is tence. Mice were given 100 ug 
51o f C r-labe led  LPS p .o . and p .n . and the whole body counts were fo llow ed
w ith  time (Table 9 and 10). When the whole body counts o f both groups
o f mice were compared (Table 9 and 10), i t  was ev ident th a t those mice 
which received the C r-labe led LPS p .o . had a higher i n i t i a l  whole body 
count. This probably re f le c te d  the fa c t  th a t these mice a c tu a lly  re ­
ceived a la rg e r p o rtio n  o f the dose. When LPS was given p .o .,  the mice 
e lim in a ted  the dose more ra p id ly  than when i t  was given p.n . At the end 
o f 22 h, mice which had received the LPS p.o . re ta ined  on ly  h a lf  the 
amount o f  LPS they rece ived i n i t i a l l y ,  whereas the mice which had re ­
ceived the LPS p .n . s t i l l  had h a lf  the i n i t i a l  amount o f LPS a t the end 
o f 42 h.
A t 22 h fo r  the group which received the rad io labe led  LPS p .o . and 
42 h fo r  the group which had received the dose p .n .,  mice in  each group 
were s a c r if ic e d  and the d is t r ib u t io n  o f the LPS was determined (Table 11 
and 12). Table 11 shows th a t those mice which received the LPS p.o . and 
which had a lower whole body count a lso  had a sm aller amount o f LPS in  
the stomach, in te s t in e  and lungs a t the end o f 22 h. These mice a lso 
were the ones which showed a more rap id  decrease in  whole body counts
w ith  time than d id  the o thers in  th a t group. I t  would seem than th a t i f
the LPS remained in  the stomach, i t  was passed in to  the in te s t in e  and 
out o f the body w ith in  a f a i r l y  sho rt tim e w ith  l i t t l e  absorp tion tak ing  
place in  the in te s t in e .  In  c o n tra s t,  LPS which was placed in  the stomach 
and e v id e n tly  asp ira ted  in to  the upper re s p ira to ry  t r a c t  o r adm inistered
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Table 9. The Persistence o f 100 ug o f ^^C r-labe led LPS Over a 22 h
Period When Given to  Mice Per Os^
TIME
NANOGRAMS OF LPS REMAINING 
BY WHOLE BODY COUNTS
AS DETERMINED 
OF MICE
-
X 1 2 3 4
0 h 60,000 70,000 46,000 47,000 44,000
4 h 80,000 99,000 58,000 93,000 52,000
8 h 52,000 53,000 34,000 79,000 43,000
12 h 45,000 46,000 24,000 73,000 36,000
16 h 33,000 23,000 10,000 68,000 30,000
22 h 25,000 1,900 N^ 65,000 32,000
^Nanograms o f  LPS were ca lcu la te d  from the ra d io a c t iv ity  o f the whole 
bodies o r organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s .
b.Not de tec tab le .
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TIME
NANOGRAMS OF LPS REMAINING AS DETERMINED BY WHOLE BODY COUNTS OF MICE
X 1 2 3 4 5 6 7 8 9
Ih 40,000 37,000 52,000 52,000 60,000 41,000 35,000 22,000 26,000 32,000
5 h 38,000 36,000 55,000 48,000 62,000 37,000 30,000 21,000 27,000 29,000
10 h 36,000 32,000 49,000 47,000 60,000 42,000 30,000 22,000 22,000 20,000
20 h 36,000 37,000 49,000 46,000 60,000 42,000 24,000 26,000 23,000 17,000
30 h 18,000 22,000 32,000 15,000 30,000 22,000 9,600 16,000 11,000 8,300
42 h 19,000 17,000 28,000 7,700 25,000 24,000 4,600 15,000 4,400 4,600
^Nanograms o f LPS were calculated from the ra d io a c t iv ity  o f the whole bodies or organs. Numbers were 
rounded o f f  to  two s ig n if ic a n t figu res .
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Table 11. The D is tr ib u t io n  o f ^^C r-labe led LPS 22 h A fte r  Mice Were
Given a 100 ug Dose Per Os^
NANOGRAMS OF LPS REMAINING IN TISSUES, 
ORGANS AND WHOLE BODIES OF MICE
MUUSL WHOLE BODY LUNG LIVER SPLEEN STOMACH INTESTINE
1. 1,900 12 10 26 36 1,500
2. N^ 15 21 N 16 280
3. 65,000 1,500 28,000 6,000 140 6,000
4. 32,000 400 16,000 170 1,000 170
X 25,000 480 11,000 1,600 300 2,000
^Nanograms o f  LPS were ca lcu la te d  from the r a d io a c t iv ity  o f the whole 
body o r organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s .
^Not de tec tab le .
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Table 12. The D is tr ib u t io n  o f ^^C r-labe led  LPS 42 h A fte r  Mice Were
Given a 100 ug Dose Per Nares&
MOUSE
NANOGRAMS OF LPS REMAINING IN TISSUES AND ORGANS OF MICE
WHOLE BODY LUNG LIVER SPLEEN STOMACH INTESTINE
1. 17,000 5,100 120 N^ 25,000 24,000
2. 28,000 1,700 81 25 32,000 46,000
3. 7,700 10 44 10 24,000 8,000
4. 25,000 23,000 440 51 61,000 10,000
5. 23,000 120 83 N 84,000 11,000
6. 4,600 2,300 100 N 10,000 4,400
7. 15,000 2.5 N 5.1 46,000 12,000
8. 44,000 N 83 3 12,000 2,700
9. 4,600 5.1 13 67 20,000 3,100
% 19,000 3,600 270 21 35,000 14,000
^Nanograms o f LPS were c a lc u la te d  from the r a d io a c t iv ity  o f the whole 
body or organs. Numbers were rounded o f f  to  two s ig n if ic a n t  f ig u re s .
^Not de tec tab le .
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p.n . was no t on ly  re ta ine d  fo r  a longer period o f  time (Table 12) but i t  
was absorbed in to  the systemic c ir c u la t io n .  In  a d d it io n , i t  was found 
th a t the mice which received the LPS p .n . showed a la rg e r amount o f  LPS 
in  the stomach and in te s t in e  a t 42 h w h ile  there  was a no ticeab le  de­
crease a t 22 h in  the amount o f  the LPS in  the stomach o f mice which had 
rece ived the dose p.o.
The m ajor p o rtio n  o f the LPS adm inistered p.n . was d e live re d  i n i ­
t i a l l y  to  the stomach o f the mouse. I t  was found th a t the stomachs o f 
those mice contained a considerable amount o f LPS 42 h la te r .  This 
in d ica te d  the p o s s ib i l i t y  th a t the LPS was s e le c t iv e ly  re ta ine d  by the
stomach l in in g .  In o rder to  determine th is ,  the fo llo w in g  experiment
51was performed. Mice which had received 100 ug o f  C r-labe led  LPS p.n . 
were s a c r if ic e d  30 h la te r .  The whole body counts and d is t r ib u t io n  o f 
the LPS w ith in  the stomach, stomach con ten ts , and stomach l in in g  were 
determ ined. Table 13 shows th a t there  was a 20-40 fo ld  d iffe re n c e  be­
tween ttie  amount o f  LPS found in  the stomach l in in g  and the stomach 
con ten ts . A re s idu a l amount o f  LPS remained w ith  the stomach l in in g  
during the separa tion  o f the contents from the l in in g .  Thus, i t  was 
determined th a t the  LPS was not re ta ined  w ith in  the stomach l in in g  but 
was found w ith in  the stomach con ten ts . Presumably, th is  may be a re s u lt  
o f a gradual c learance o f LPS from the re s p ira to ry  t r a c t  over time by 
the c i l ia r y  a c tio n  o f the re s p ira to ry  ep ithe lium  o r in h ib it io n  o f gas­
t r i c  m o t i l i t y  caused by the LPS th a t was absorbed (7 ).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
Table 13. The D is tr ib u t io n  o f C r-labe led  LPS in  the Stomach 
L in in g  and Stomach Contents 30 h A fte r  the Dose was 
Given Per Nares®
NANOGRAMS OF LPS FOUND
MOUSE WHOLE BODY STOMACH STOMACH
CONTENTS
STOMACH
LINING
1. 6,700 21.000 20,000 650
2. 23,000 49,000 34,000 500
3. 25,000 91,000 88,000 1,800
4. 5,200 35,000 9.700 91
% 15.000 49,000 38,000 760
®Nanograms o f LPS were ca lcu la te d  from the r a d io a c t iv ity  o f  
the whoe body organs. Numbers were rounded o f f  to  two
s ig n if ic a n t  f ig u re s .
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Chapter 4 
DISCUSSION
This study showed th a t mice which received LPS or whole c e l ls  o f 
E. c o l i  0113 p .n . o r p .o . were sen s itize d  im m unologically in  th a t they 
were s tim u la ted  to  produce a prim ary response and could respond in  a 
secondary fash ion  when challenged w ith  1 ug o f LPS i . v .  I t  was poss ib le  
to  s tim u la te  the production o f 2-ME re s is ta n t an tibod ies  through re ­
peated doses o f LPS p .o . o r p .n . I t  was thought th a t there  m ight be a 
causal re la t io n s h ip  between the death observed in  mice which received 
repeated doses o f 100 ug LPS p .n . and the presence o f 2-ME re s is ta n t 
an tibo d ies  in  th e ir  sera. An immediate adverse rea c tion  was noted in  
mice which rece ived repeated doses o f 100 ug LPS p.n . The persistence 
and d is t r ib u t io n  o f  LPS adm inistered p .o . and p.n. was stud ied and i t  
was found th a t the p re fe re n t ia l s ite  fo r  absorp tion fo r  both routes was 
the upper re s p ira to ry  t r a c t  w ith  n e g lig ib le  amounts absorbed through the 
in te s t in a l mucosa.
I t  is  be lieved th a t  SCP produced from gram-negative b ac te ria  could 
be a v ia b le  a lte rn a t iv e  p ro te in  source (42 ). While there  are many ad­
vantages to  using gram negative  b a c te ria  to  produce SCP, the major draw­
back would be th a t the p re pa ra tion  would be contaminated w ith  LPS. A ll 
gram-negative b a c te ria  con ta in  LPS in  th e ir  c e l l w a lls  (32) and under 
c e rta in  c u ltu ra l co n d itio n s  LPS is  released in to  the surrounding c u ltu re  
medium (32). With present techniques the removal o f the LPS from the
51
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SCP biomass m ight prove to  be im possib le . Therefore , use o f SCP contam­
inated w ith  LPS m ight present a hea lth  hazard to  those who would e ith e r  
in ge s t o r in ha le  the SCP p repa ra tion .
The immunological and to x ic o lo g ic a l e ffe c ts  o f LPS adm inistered 
p a re n te ra lly  have been the sub jec t o f  in v e s tig a tio n  fo r  a number o f 
years and have been w e ll cha racte rized  (32, 49, 50). In  c o n tra s t, i t  
has no t been u n t i l  re c e n tly  th a t in te re s t  has been generated in  the 
e ffe c ts  o f  LPS when adm in istered p .o . o r p .n . Consequently, the re  have 
been r e la t iv e ly  few stud ies which have explored th is  area.
L i t t l e  is  known about the to x ic  e ffe c ts  o f  LPS or whole c e lls  admin­
is te re d  p .o . o r p .n . Berczi e t  a l .  (6) showed th a t ra ts  which were 
tre a te d  w ith  compound 48/80 ( to  damage the in te s t in a l mucosa) o r sens i­
t iz e d  w ith  lead ace ta te  fa i le d  to  produce any to x ic  symptoms when given 
10 mg LPS p .o . ,  and those tre a te d  w ith  X - ir ra d ia t io n  a lso  fa i le d  to  
produce any to x ic  symptoms when given 100 mg LPS p .o . However, 3 ug 
LPS i . v .  k i l le d  ra ts  tre a te d  w ith  compound 48/80 o r lead acetate and 
20 mg LPS i . p .  k i l le d  those tre a te d  w ith  X - ir ra d ia t io n .  However, th is  
lack o f response to  p .o . doses o f  LPS may be lim ite d  to  ra ts  a lone, as 
i t  has been demonstrated th a t  humans fed k i l le d  gram-negative ba c te ria  
developed nausea and d ia rrh ea  (51 ). I t  is  be lieved th a t in h a la tio n  
fevers o f  man may be caused by the in h a la tio n  o f gram-negative ba c te ria  
(4 , 56). I t  was reported  th a t ra b b its  exposed to  an aerosol o f LPS 
developed shortness o f b re a th , cough, and a decrease in  e x p e lla tio n  
volume (Hudson, personal communication). In  a d d it io n , Snell (56) demon­
s tra te d  th a t ra b b its  exposed to  aeroso ls o f  LPS developed the to x ic  
reactions expected from LPS adm in istered p a re n te ra lly  (such as fe ve r and
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leukopenia) as w e ll as an acute I n t e r s t i t ia l  pneumonitis.
There has been a g re a te r in te re s t  in  the immunological aspects o f 
LPS adm in istered p .o . o r p .n . ,  due in  pa rt to  the importance o f lo ca l 
immunity in  p ro te c tio n  aga inst c e rta in  diseases. I t  has been found th a t 
LPS o r w .c. o f E c o l i  adm inistered p .o . were capable o f s tim u la tin g  a 
serum an tibody response (5 7 ), p ro te c tin g  aga inst a paren tera l challenge 
o f homologous LPS (37) and s tim u la tin g  a lo ca l immune response (42 ). I t  
was shown th a t  ra b b its  given an aerosol o f LPS absorbed i t  in  a f u l l y  
a c tiv e  form and developed serum an tibod ies (56 ). In  a d d it io n , i t  has 
been demonstrated th a t humans immunized in tra n a s a lly  w ith  a polysacchar­
ide vaccine from N. m e n in g it id is  produced a systemic antibody response 
(63 ).
As i l lu s t r a te d  above, on ly  a small amount o f in fo rm ation  ex is ted  
concerning the to x ic  and immunologic e ffe c ts  o f  LPS adm inistered p .o . 
and p .n . However, the in fo rm a tio n  a v a ila b le  ind ica ted  th a t LPS adm inis­
tered p .o . o r p .n . was capable o f im m unologically s e n s it iz in g  an animal 
and m ight be ab le  to  e x e rt to x ic  e ffe c ts  as w e ll.  As such, the poten­
t i a l  hea lth  hazard o f SCP-contaminated w ith  LPS should be viewed as a 
rea l p o s s ib i l i t y .  More in fo rm a tio n  was requ ired in  order to  de linea te  
the hazard and o u t l in e  e f fe c t iv e  steps to  deal w ith  the problem. With 
the present techno logy, i t  m ight be poss ib le  to  e lim in a te  the to x ic i t y  
o f the LPS w ith in  the SCP biomass w ith o u t destroy ing  i t s  immunogenicity. 
As such, the immunologic o r a lle rg e n ic  p ro p e rtie s  o f the LPS adm inistered 
p.o. o r p .n. seemed to  be a lo g ic a l s ta r t in g  p o in t in  an in v e s tig a tio n  
in to  the p o te n tia l hazard o f  SCP produced from gram-negative b a c te ria .
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K in e tic s  o f  the Immune Response o f Nice to  a S ing le  Dose o f  Antigen
The k in e t ic s  o f  the immune response o f mice immunized w ith  LPS or 
whole c e l ls  adm in istered p .o . o r p .n . were s tud ied . Mice immunized w ith  
va rious doses o f LPS adm inistered i . p .  served as c o n tro ls . Although the 
k in e t ic s  and immune response o f mice to  LPS adm inistered by parentera l 
routes have been cha rac te rized  (47, 50), i t  was necessary to  e s ta b lis h  
the k in e t ic s  o f the immune response to  th is  p a r t ic u la r  antigen under the 
co n d itio n s  o f  the system employed. Mice which received a prim ary in je c ­
t io n  o f  LPS responded w ith  a rap id  r is e  in  humoral antibody le ve l to  a 
maximum t i t e r  occu rring  on Day 4 o r 5. Follow ing a challenge dose 
(1 ug LPS i . v . ) ,  a f a i r l y  ty p ic a l secondary response occurred. These 
data were in  accord w ith  th a t reported e a r l ie r  (49, 50).
Mice which rece ived LPS o r whole c e lls  p .o . o r p .n . demonstrated 
s im ila r  immunological s e n s it iz a t io n  w ith  the fo llo w in g  d iffe re n c e s . In 
a l l  but one case the in i t ia t io n  o f antibody synthesis was delayed in  
comparison to  the c o n tro ls . The delay was most no ticeab le  fo r  the 10 ug 
dose o f  LPS given p .o . A lthough the 100 ug and 10 ug doses o f LPS given 
p .n. s tim u la ted  maximum t i t e r s  th a t  were s im ila r  to  those obtained w ith  
the i . p .  ro u te , the maximum t i t e r s  fo r  the same doses g iven p .o . were 
much lower than the lowest dose g iven i . p .  This d iffe re n c e  in  routes 
was not seen when whole c e l ls  were g iven p .o . o r p .n . However, the re  
was a g rea te r f lu c tu a t io n  o r v a r ia t io n  in  the le ve l o f the humoral a n t i­
body t i t e r s  in  the prim ary response fo r  both doses o f LPS adminstered 
p.n. compared to  the same doses g iven i . p .  which re su lte d  in  a f a i r l y  
cons is ten t le v e l o f  humoral an tib o d ie s  from Day 4 on. Regardless o f the 
d iffe ren ces  noted in  the  k in e t ic s  o f the prim ary response o f mice which
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rece ived LPS o r whole c e l ls  p .o . o r p .n . ,  these mice were primed to  
respond in  a secondary fash ion  when challenged w ith  1 ug i . v .
Route o f Immunization
The b io lo g ic a l and immunological e ffe c ts  o f endotoxin are known to  
d i f f e r  w ith  the rou te  o f a d m in is tra tio n  (11, 29). I t  has been suggested 
th a t th is  v a r ia t io n  o f response m ight be the re s u lt  o f the ra te  o f ab­
s o rp tio n , p a tte rn  o f d is t r ib u t io n  and consequent v u ln e ra b il i ty  to  in a c t i ­
va tio n  (29 ). Landy and Baker (29) found th a t the immunogenicity o f 
Salmonella po lysaccharide was much g re a te r when in je c te d  lo c a l ly  ( in  the 
foo tpad) than in tra ve n o u s ly . Noyes e t a l .  (36) found th a t the amount o f 
endotoxin requ ired  to  k i l l  mice was the same by in tra c ra n ia l and i . v .  
routes but two and fo u r  tim es th a t q u a n tity  was requ ired i . p .  and i.m .,  
re s p e c tiv e ly . Rate o f absorp tion  o f LPS has been found to  vary w ith  the 
rou te  o f a d m in is tra tio n  as w e ll.  Braude (11) noted th a t 60% o f the LPS 
was found in  the l i v e r  15 min a f te r  an i . v .  in je c t io n  and Noyes e t a l .  
(36) found th a t 60% o f the LPS was present in  the l i v e r  3 h a f te r  an 
in tra c e re b ra l in je c t io n  and 3 h a f te r  an i.m . in je c t io n  almost a l l  o f  
the LPS was present in  the l i v e r .
Antigens adm in is tered p .o . o r p .n . faced a b a r r ie r  a d d itio n a l to  
antigens given by pa ren te ra l routes in  th a t they must in  some manner 
cross a mucosal su rface  in  the re s p ira to ry  t r a c t  o f g a s tro in te s tin a l 
t r a c t  in  order to  reach the lymphoid organs to  s tim u la te  the fo rm ation  
o f an tibo d ies . This probably was accomplished e ith e r  by d ire c t  absorp­
t io n  o r by absorp tion  aided by in flam m ation (60 ).
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When LPS was adm in istered by aerosol to  ra b b its ,  absorp tion through 
the e p ith e l ia l membrane o f the re s p ira to ry  t r a c t  began im m ediately, 
proceeded s low ly  and continued fo r  a period o f tim e a f te r  cessation o f 
exposure (5 6 ). In  a d d it io n , the LPS was absorbed in  a form which pos­
sessed much i f  not a l l  o f  the pharmacologic and a n tig e n ic  a c t iv i t y  o f 
LPS given i . v .  (5 6 ). The b ro n ch io la r inflam m ation and a lv e o la r edema 
reported  a f te r  aerosol exposure to  LPS (Hudson, personal communication, 
56) made i t  d i f f i c u l t  to  determine whether the in flam m ation was impor­
ta n t in  the absorp tion  o f  the LPS o r i f  the absorp tion would occur 
w ith o u t i t .  However, sane la c r im a tio n  and co n ju n c tiva l redness occurred 
in  human vo lun tee rs  th a t received an in tra na sa l vaccine o f the polysac­
charide  from N. m e n in g it id is  (63 ).
When LPS was adm in istered p .o .,  the s itu a t io n  became more com pli­
cated. Although i t  has been shown th a t LPS o r whole c e lls  adm inistered 
p .o . induced the fo rm a tion  o f c ir c u la t in g  an tibod ies  (37, 42, 57), a 
number o f  in v e s tig a to rs  have shown th a t LPS was not absorbed from the 
g a s tro in te s t in a l t r a c t  (5 , 6, 31). Berczi e t a l .  (5) showed th a t when 
LPS was given o r a l ly  to  p igs and calves less than 24 h o ld  whose in te s ­
t in a l mucosa was capable o f macromolecular absorp tion , no absorption o f 
the LPS occurred. In  a d d it io n , no absorp tion  o f LPS given o ra l ly  
occurred in  ra ts  which had been tre a te d  w ith  compound 48/80 o r w ith  X- 
ir ra d ia t io n  to  damage the in te s t in a l mucosa (6 ) . Koscar e t a l .  (27) 
found th a t ra ts  would absorb measurable amounts o f LPS adm inistered by 
stomach tube, i f  they had f i r s t  been rendered d e f ic ie n t  in  b i le  by 
cannula tion o f the common b i le  du c t. I t  is  now be lieved th a t absorp tion 
o f LPS from the g a s tro in te s t in a l t r a c t  in to  the c ir c u la t io n  may be
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accomplished in  normal animals on ly  as a re s u lt  o f an in fe c t io n  o r in ­
vasion o f  the in te s t in a l w a ll by gram-negative b a c te ria  (31, 53).
R esults o f  the present study support th is  con ten tion .
In  th is  s tudy, i t  was found th a t the m a jo r ity  o f the dose o f LPS 
g iven p .o . o r  p .n . was not absorbed by the anim al. In a d d it io n , i t  was 
found th a t the re  was a g rea t v a r ia t io n  in  the amount o f  LPS absorbed by 
an animal when the dose was adm inistered p .n . as in d ica ted  by the f lu c ­
tu a tio n  o f the humoral an tibody t i t e r s  produced in  the prim ary response 
o f mice which rece ived the antigen p .n . The data on the d is t r ib u t io n  o f 
LPS fo llo w in g  p .o . o r p .n . a d m in is tra tio n  in d ica te s  th a t the d is t r ib u ­
t io n  o f  the an tigen m ight d i f f e r  w ith  the s ize  o f  the dose absorbed and 
the tim e a f te r  a d m in is tra tio n . As noted be fore , LPS was believed to  be 
s low ly  and con tinuous ly  absorbed by the re s p ira to ry  t r a c t  over a period 
fo llo w in g  a d m in is tra tio n  (56 ). As a r e s u lt ,  a slow, steady re lease o f 
LPS in to  the c ir c u la t io n  m ight have occurred as compared to  an i . v .  in ­
je c t io n .  Thus, Braude (11) found th a t 60% o f the dose o f  LPS in je c te d
i . v .  appeared in  the l i v e r  15 min a f te r  a d m in is tra tio n  whereas, in  the 
present in v e s t ig a t io n , l i t t l e  o r no LPS was found in  the l i v e r  30 min 
a f te r  p .o . o r p .n . a d m in is tra t io n .
P o te n tia l Hazard
The use o f SCP contaminated w ith  LPS as a food supplement has gen­
erated a major concern about i t s  p o te n tia l hazard to  the hea lth  o f those 
people who would in h a le  o r in g e s t the SCP p repa ra tion . Results o f th is  
study have ind ica ted  several areas th a t  need fu r th e r  in v e s t ig a t io n . I t  
has been shown p re v io u s ly  th a t gram -negative ba c te ria  fed to  human
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vo lun te e rs  produce g a s tro in te s t in a l d is tre s s  (61 ). The present study 
showed th a t  the m a jo r ity  o f  the LPS adm inistered p .n . was found in  the 
stomach and in te s t in e  s h o r t ly  a f te r  a d m in is tra tio n . Therefore , an 
aerosol exposure to  LPS o r whole c e lls  m ight produce symptoms s im ila r  to  
a p .o . exposure in  a d d itio n  to  those unique to  a p .n . exposure. C erta in  
mice which rece ived a d a ily  dose o f 100 ug o f LPS p.n . were observed to  
undergo a decrease in  body w eight. Dubos and Schaedler (19) found th a t 
mice poisoned w ith  LPS o r heat k i l le d  whole c e lls  immediately reduced 
th e ir  water in ta ke  w ith  a re s u lt  o f  loss o f body w eight. Berry and 
Smythe (7 ) found th a t  endotoxin e f fe c t iv e ly  blocked absorption from the 
d ig e s tiv e  t r a c t  and dim in ished g a s tro in te s t in a l m o t i l i t y .  In  a popula­
t io n  a lready d e f ic ie n t  in  c a lo r ie s  and n u tr ie n ts ,  such as e f fe c t would 
be d e le ta r io u s .
A number o f  mice which rece ived a repeated dose o f 100 ug LPS p .n . 
were observed to  experience an immediate adverse reac tion  to  the dose 
and 11 ou t o f  75 mice died in  th a t group. In  a repeated experiment, the 
immediate adverse re a c tio n  was again observed but on ly  two ou t o f  50 
mice d ied . Treatment o f  the sera from both groups w ith  2-ME revealed 
s ig n if ic a n t  amounts o f IgG c lass  an tibod ies  s p e c if ic  fo r  LPS present in  
the sera o f the f i r s t  experim ent, but not in  the sera o f the second 
experiment. This may be in d ic a t iv e  o f a causal re la t io n s h ip  between the 
presence o f IgG c lass  a n tib o d ie s  s p e c if ic  fo r  LPS in  the sera and the 
death o f the mice observed in  the f i r s t  group. The d iffe re n c e  in  the 
class o f an tibody found in  the sera o f the two experiments m ight be the 
re s u lt  o f a dose e f fe c t .  A d iffe re n c e  in  the actua l amount o f LPS in ­
haled by each group would have caused d i f fe r in g  immunological s t im u li.
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When LPS was given i . p . ,  there  appeared to  be a dose e f fe c t  in  the s tim ­
u la t io n  o f IgG. Repeated doses o f 1 ug LPS i . p .  s tim u la ted  the produc­
t io n  o f  IgG c lass an tibo d ies  s p e c if ic  fo r  LPS s ta r t in g  on Day 6.
However, repeated doses o f 100 ug LPS i . p .  d id  not s tim u la te  the produc­
t io n  o f  IgG c lass an tibod ies  u n t i l  Day 10.
The presence o f  a la rg e  amount o f IgG antibody in  the sera o f  mice 
in  the f i r s t  experiment which received repeated doses o f 100 ug LPS p .n . 
in d ica te d  the p o s s ib i l i t y  th a t the re  m ight be an a lle rg e n ic  o r immuno­
lo g ic  basis fo r  the deaths observed in  th is  group. Thus, i t  may be th a t 
the mice were experiencing an anaphylactic  type re a c tio n . B a c te ria l 
po lysaccharide an tigens have been found to  be capable o f e l ic i t in g  a 
passive cutaneous anaphylaxis re a c tio n  in  guinea pigs sen s itize d  w ith  
ra b b it  an tib o d ie s  to  the an tigen (25 ). The general anaphylactic  reac­
t io n  has been found to  be mediated p r im a r ily  by IgG c lass an tibod ies in  
both guinea pigs and in  mice (2 5 ). Mice lungs have been shown to  be 
se n s itize d  w ith  IgG an tibody and subsequently s tim u la ted  to  re lease 
histam ine and slow re a c tin g  substance o f anaphylaxis upon exposure to  
antigen (25 ). The in te n s ity  o f  the anaphylactic  re a c tio n  depends upon 
the amount o f  an tibo d y-a n tig e n  complexes formed in  the tissues as w e ll 
as the ra te  a t which they form  (2 0 ). Thus, a lthough in h a la tio n  o f a n t i ­
gen dispersed in  an aerosol has been shown to  provoke fa ta l shock, a n t i ­
gens which are given by rou tes th a t  do not perm it rap id  absorption 
( i . e . :  i . p . )  in i t i a t e  an aphy lac tic  re a c tio n s  th a t come on more s low ly 
and are less fa ta l (2 0 ).
A p a r t ic u la r  form o f  anaphylaxis c a lle d  p ro tra c ted  anaphylaxis 
(system ic Arthus re a c t io n ) ,  has been known to  occur when an animal w ith
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an abundance o f c ir c u la t in g  antibody was given la rge  doses o f s p e c if ic  
an tigen by rou tes th a t fa vo r slow absorption (62 ). Animals o ften  died 
a f te r  a period o f  several hours o r more w ithou t symptoms o f ,  o r patho­
lo g ic a l changes c h a ra c te r is t ic  o f ,  tru e  anaphylaxis, such as emphysema. 
The re a c tio n  was be lieved to  be mediated by com p lim ent-fix ing  a n t i ­
bodies (IgG and IgM). Aggregate anaphylaxis was caused by a r e la t iv e ly  
la rg e  amount o f  so lu b le  a n tig e n -a n ti body complexes in te ra c t in g  w ith  
complement (18, 20, 21, 62). A p r in c ip le  m an ifes ta tion  o f th is  type o f 
anaphylaxis in  the mouse was re s p ira to ry  d is tre s s . An argument aga inst 
occurrence o f  an anaphy lac tic  type rea c tion  was th a t the mouse had been 
found to  be extrem ely re s is ta n t  to  anaphylaxis (64 ). However, the major 
importance o f  the presence o f IgG in  the sera o f mice which received LPS 
p .n . was th a t  i t  in d ica te d  th a t exposure to  LPS by th is  rou te  could re ­
s u lt  in  the production o f an an tibody subclass o the r than IgM.
I t  was noted th a t  the re  were a number o f mice in  both groups th a t 
received repeated doses o f  100 ug LPS p .n . which e xh ib ite d  signs o f 
d is tre s s  immediately a f te r  a d m in is tra tio n  o f the dose. Thus, i t  was 
f e l t  th a t a to x ic  re a c tio n  to  LPS m ight provide an a lte rn a t iv e  explana­
t io n  to  the deaths and adverse re a c tio n  o f the mice to  the LPS. I t  was 
known th a t when two su b le th a l in travenous doses o f endotoxin separated 
by 24 h were given to  an an im a l, the animal would d ie  w ith in  24 h o f 
the second in je c t io n  w ith  hemorrhagic le s io n s  o f many organs in c lu d in g  
a b i la te ra l c o r t ic a l necros is  o f the kidneys. The a b i l i t y  to  induce 
th is  re a c tio n  known as the genera lized  Shwartzman re a c tio n , has been 
found to  be a c h a ra c te r is t ic  o f  endotoxin (32 ). I t  has been found th a t 
c r i t ic a l  fa c to rs  in  th is  re a c tio n  were the s izes o f the two doses and
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the time in te rv a l between the two doses o f endotoxin (59 ). The provok­
ing (second) in je c t io n  must be adm inistered between 12 and 24 h a f te r  
the f i r s t  o r preparing dose. Anytime up to  6 h a f te r  the preparing in ­
je c t io n  o r a f te r  48 h a f te r  the preparing in je c t io n ,  the animal would 
no t succumb to  the e ffe c ts  o f  the provoking in je c t io n  (59 ).
The re s p ira to ry  t r a c t  has been shown to  be suscep tib le  to  the to x ic
e ffe c ts  o f LPS (23 , 56). Hudson reported th a t ra b b its  which received 
an aerosol o f LPS developed a cough, dyspnea and a decrease in  e xp e lla ­
t io n  volume (personal communication). In a d d itio n , the LPS may damage 
the airways by re c ru it in g  granu locytes in to  the area (23 ). Snell (56) 
found th a t ra b b its  which received a s in g le  aerosol exposure to  LPS 
developed acute s e l f - l im ite d  in t e r s t i t i a l  pneumonitis. The range o f 
symptoms which were observed in  the mice ( d i f f i c u l t y  in  b rea th ing , loss 
o f weight and death) m ight be the re s u lt  o f a v a r ia t io n  in  the amount 
o f LPS inhaled each day by each mouse. L a s tly , the exp lanation o f the 
reactions  observed may be a combination o f both a l le rg ic  and to x ic  
mechanisms.
Results o f  th is  study have demonstrated th a t SCP contaminated w ith
LPS has the cap ac ity  to  be hazardous to  the hea lth  o f animals which
m ight inha le  o r in ge s t i t .  In  s p ite  o f t h is ,  the re  may be methods to  
t re a t  th is  SCP p re pa ra tio n  so th a t the LPS would not c o n s titu te  a th re a t 
to  the people who would in g e s t i t .  LPS has been shown to  be extremely 
re s is ta n t to  a v a r ie ty  o f  phys ica l and chemical agents (32 ). Procedures 
to  degrade the molecule have o fte n  requ ired  harsh cond itions  (32) which 
m ight destroy or g re a t ly  reduce the n u t r i t iv e  value o f SCP. However, i t  
has been found th a t a lk a lin e  h yd ro ly s is  o f LPS could be ca rr ie d  out
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under r e la t iv e ly  m ild  con d ition s  in  a sho rt period o f time when sodium 
hydroxide in  e th y l a lcohol o r dim ethyl s u lfo x id e  was used (35 ). This 
procedure has been shown to  d ra s t ic a l ly  reduce the to x ic i t y  as w e ll as 
a l te r  the a n t ig e n ic ity  o f  the LPS molecule (35, 67). The a lk a lin e  de­
to x if ie d  LPS has been shown to  be incapable o f s tim u la tin g  o ther than a 
prim ary antibody response (67 ). In  a d d itio n , i t  has been found to  be 
unable to  e l i c i t  an IgG response even a f te r  repeated in je c tio n s  (67 ).
An added b e n e fit  o f th is  procedure would be the hyd ro lys is  o f  the RNA 
to  d ia ly z a b le  components. U l t r a f i l t r a t io n  o r d ia ly s is  could be employed 
to  remove the m a jo r ity  o f  the p ro te in  from the b a c te r ia l c e l l  w a lls  and 
LPS.
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Chapter 5 
SUMMARY
Mice which received LPS or whole c e l ls  o f E. c o li 0113 were immuno­
lo g ic a l ly  se n s itize d  to  the LPS immunodeterminants. They produced a 
prim ary response to  the f i r s t  exposure to  antigen and were able to  re ­
spond in  a secondary fash ion  when challenged w ith  1 ug LPS i . v .  When 
LPS was used as the an tig e n , the p .n . rou te  o f a d m in is tra tio n  s tim u la ted  
the production o f  a h igher le ve l o f c irc u la t in g  an tibod ies in  the p r i ­
mary response compared to  the p .o . ro u te , but LPS adm inistered by e ith e r  
rou te  se n s itize d  mice fo r  a s im ila r  secondary response. The f lu c tu a t io n  
in  the le ve l o f  the c ir c u la t in g  antibody t i t e r s  in  the primary response 
o f mice which rece ived the an tigen p.n. was apparently due to  mice not 
in h a lin g  o r absorbing a constant p ropo rtion  o f the dose.
The maximum t i t e r  obta ined from mice which received repeated doses 
o f 1 ug LPS p .o . o r p .n . was much lower than th a t obtained from mice 
which received the same doses i . p .  However, when repeated doses o f 100 
ug LPS were given p .o . o r p .n . ,  the maximum t i t e r s  were s im ila r  to  th a t 
produced in  mice which rece ived the same doses i . p .  In a d d itio n , re ­
peated doses o f 100 ug LPS p .o . o r p.n- s tim u la ted  the production o f 
2-ME re s is ta n t a n tib o d ie s . Mice which received repeated doses o f 100 ug 
LPS p.n. were observed to  undergo an adverse re a c tio n  to  the dose. In  
one experiment, death and loss  o f weight c o rre la te d  w ith  the presence o f 
2-ME re s is ta n t an tibo d ies  in  the sera.
63
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In  th is  s tudy, the p re fe re n tia l s ite  o f absorption o f an tigen ad- 
m in is te re d  e ith e r  p .o . o r p .n . was the mucus membranes o f the upper 
re s p ira to ry  t r a c t  LPS adm inistered p .o . was e ith e r  asp ira ted  in to  the 
upper re s p ira to ry  t r a c t  o r passed out o f the body w ith in  a sho rt period 
o f tim e. There was almost no absorp tion o f LPS from the g a s tro in te s ­
t in a l  t r a c t .
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